The difference in susceptibility to urinary tract infection between C3HIHeJ and C3H/HeN mice was tested for with gram-negative strains differing in lipopolysaccharide composition. Recently, impaired clearance of Escherichia coli from the kidney of C3H/HeJ compared to C3H/HeN mice was shown to be correlated with the LPS low responsiveness. In this study, a difference in clearance from the kidneys of C3H/HeJ and C3H/HeN mice was found only with lipopolysaccharide-containing bacteria. Gram-positive bacteria, e.g., Staphylococcus saprophyticus and Streptococcus agalactiae, were recovered in essentially equal numbers from the kidneys of mice of both strains. In contrast, of the lipopolysaccharide-containing strains used, all persisted in higher numbers in the kidneys of C3H/HeJ mice than in the kidneys of C3H/HeN mice. Variations in the 0 side chain did not eliminate this difference. E. coli Hu734 075+K5+ and the rjb-mutant 075-K5+ remained in similar numbers in C3H/HeJ mice, although 075-K5+ was eliminated more rapidly in C3H/HeN mice. The core structure did not affect the differential persistence in the two mouse strains. The rjb mutants with R1-R4 cores were eliminated after 24 h from the C3H/HeN mice, but remained in significant numbers in the kidneys of C3H/ HeJ mice. Even the Re mutant of Salmonella minnesota persisted in low numbers in C3H/HeJ mice. The relative bacterial recovery from either mouse strain was related to the overall virulence of the infecting bacterial strain, but the difference between C3H/HeJ and C3H/HeN mice was associated with responsiveness to parts of lipopolysaccharide common to the bacterial strains tested.
relative bacterial recovery from either mouse strain was related to the overall virulence of the infecting bacterial strain, but the difference between C3H/HeJ and C3H/HeN mice was associated with responsiveness to parts of lipopolysaccharide common to the bacterial strains tested.
Stimulation of antibacterial defense mechanisms through lipopolysaccharide (LPS) is important for resistance to gram-negative bacterial infections (2, 9, 21) . C3H/HeJ mice are hyporesponsive to LPS; i.e., they do not respond to concentrations of LPS which induce mitogenic responses in other mice, e.g., the syngeneic C3H/HeN strain (28, 34) . The inability of C3H/HeJ mice to respond to LPS has been attributed to a defective Lps gene (35) . C3H/HeJ mice also exhibit increased susceptibility to parenteral Salmonella typhimurium infection (18, 20, 33) . We recently demonstrated impaired clearance of ascending Escherichia coli infection from the kidneys of C3H/HeJ mice as compared to C3H/ HeN mice (29; C. Svanborg Eden, submitted for publication). Back-cross analysis revealed a correlation between E. coli persistence in the kidneys and responsiveness to LPS. In the present study, a complementary approach was used to evaluate the role of LPS-induced host effector functions for the clearance of bacteria from the urinary tract, i.e., infection with bacterial strains differing in LPS composition in C3H/HeJ and C3H/HeN mice.
The LPS of gram-negative bacteria is a complex of molecules composed of the repeating 0 antigenic oligosaccharides, a core region, and lipid A (12, 27) . Lipid A has mitogenic and toxic activities; the oligosaccharides enhance the virulence (13, 31) . Although structural variants of lipid A are known (32) , there are no genetic techniques known for altering the lipid A moiety in E. coli while leaving other traits intact. In contrast, distinct loci on the E. coli chromosome may be mutated to vary the length of the oligosaccharide chain (12) . Rfb-mutants are unable to synthesize the 0 side chain, but they retain a complete core. Rfa-mutants have more or less incomplete core structures, and they fail to * Cotresponding author.
anchor the synthesized 0 polysaccharides (19) . A limited number of E. coli core oligosaccharide structures have been described, R1 through R4 and K-12 (23) . In this report, strains differing in LPS content, oligosaccharide chain length, and core composition were used to study the role of LPS in the susceptibility of C3H/HeJ mice. The results show a difference in clearance from the kidneys of C3H/HeJ and C3H/HeN mice only for LPS-containing bacteria. A dominant role of lipid A is suggested by the higher susceptibility of C3H/HeJ mice to all lipid A-containing bacterial strains, including Salmonella minnesota Re.
MATERIALS AND METHODS Mouse strains. C3H/HeJ mice were purchased from the original breeder, Jackson Laboratory, Bar Harbor, Maine. C3H/HeN mice were purchased from Charles River U.K. Ltd, Margate, Kent, England. Female mice older than 6 weeks were used and matched by age for individual experiments.
Bacteria. Bacteria used in the study are listed in Table 1 . The gram-positive strains used were one recent urinary isolate of Staphylococcus saprophyticus and a strain of Streptococcus agalactiae originating from the Rockefeller University collection (no. 090R). E. coli 414 was isolated from the stools of a healthy child. E. coli strains Hu734, Hu973, and Hu972 were chemically induced mutants of pyelonephritis E. coli isolate GR12 (5). Hu734, a lac mutant, was isolated after treatment with nitrous acid (15) but retained other properties from GR12. Hu973 and Hu972 were constructed in the following way: GR-12 was mutagenized with nitrous acid as described by Miller (15) , and nonreverting histidine auxotrophs (Hu748 his-) were identified after two cycles of ampicillin-D-cycloserine enrichment (3) . A spontaneous nalidixic acid-resistant derivative of Hu748 (Hu969) was selected on agar containing nalidixic acid (100 pg/ml). Hu969 was mated with an E. coli K-12 Hfr donor, PK191 (10) (Genetic Stock Center, Yale University, New Haven, Conn.), for 1 h on filters as previously described (8) . Histidine-independent exconjugants were tested for coinheritance of the rfb locus of E. coli K-12 (1), by using a commercially prepared anti-075 serum (Difco Laboratories, Detroit, Mich.) in a slide agglutination assay. Hu972 was 075-, and Hu971 was 075+. Hu971, the his+075+ exconjugant, was plated on agar containing rifampin (200 ,ug/ ml) to select a spontaneous rifampin-resistant mutant (Hu973). All strains were tested for hemagglutination properties as previously described (5) . The construction of the E. coli mutants R, through R4 has been described by Schmidt and co-workers for F614 and F653 (24) , F470 and F576 (25) , and F2513 (23) . Salmonella typhimurium SR-11 (26) Virulence-associated traits. The E. coli strains were tested for 0 and K antigens, hemolysin production, and resistance to serum killing (30) . Adhesins were tested by agglutination of human and guinea pig erythrocytes (5) and attachment to human and mouse uroepithelial cells (5) . E. coli strains Hu734, 972, and 973 retained from GR12 adhesins specific for mannosides and globoseries glycolipid receptors. The 075-strain showed, however, increased susceptibility to killing by serum (manuscript in preparation). F 2513 carried adhesins specific for mannosides. The remaining rfa, rfb, and Re mutants did not express adhesins.
Experimental urinary tract infection. The precise details concerning the infection model have been previously reported (5) . In brief, the animals were anesthetized by ether inhalation. The bladder of each animal was emptied by gentle compression of the abdomen. Immediately thereafter, a soft polyethylene catheter (outer diameter, 0.61 mm; Kebo Grave, Sweden) adapted to a needle (0.4 by 20 mm) on a 1 ml tuberculin syringe (Asik, Denmark) was transurethrally inserted into the bladder. A 0.05-ml amount of the appropriate microbial inoculum was injected. The catheter was withdrawn immediately, and no further manipulations were performed. The ether anesthesia lasted for about 30 s, after which time the mice were allowed food and drink ad libitum.
Bacterial recovery from tissues. After 24 h or 4 days, animals were sacrificed by cervical dislocation. Kidneys and bladders were removed aseptically. The tissues were homogenized in 5 ml of phosphate-buffered saline in disposable The second line of evidence was the comparison of susceptibilities to the gram-positive bacteria, Streptococcus agalactiae and Staphylococcus saprophyticus. The bacterial recovery from kidneys and bladders is shown in Table 3 , Both strains persisted for at least 4 days in the kidneys of C3H/HeJ and C3H/HeN mice, yet no significant difference in bacterial recovery from kidneys or bladders was found between the two mouse strains.
Persistence of E. coli strains differing in clinical origin. The susceptibilities of C3H/HeJ and C3H/HeN mice were then compared by using E. coli strains of different clinical origin. The mice were infected with mixtures of the acute pyelonephritis strain Hu734 and the fecal strain 414 (Table 4 ). The total bacterial recovery from kidneys of C3H/HeJ mice was ca. 30 times higher than that from those of C3H/HeN mice. E. coli Hu734 was recovered in significantly higher numbers than E. coli 414 was from both kidneys and bladders of C3H/ HeJ and C3H/HeN mice (P < 0.05).
Persistence of E. coli differing in 0 antigen. The role of the 0-specific oligosaccharide side chain in the persistence in the mouse urinary tract was analyzed by infection with mixtures of the homogeneic mutants Hu973 (Rif) 075+ and Hu972 075- (Table 5 ). In both the kidneys and bladders of the C3H/HeN mice 1 and 4 days after infection, the 075+ In the urinary bladders, low numbers of bacteria persisted in both mouse strains, except for E. coli F 614, which was recovered in significantly higher numbers in C3H/HeJ mice, and F 2513, which persisted significantly better in the C3H/ HeN mice. DISCUSSION Bacteria differing in the content or composition of LPS were used to study the difference in the susceptibilities of C3H/HeJ and C3H/HeN mice to ascending urinary tract infection. The deficient clearance of E. coli from the kidneys of C3H/HeJ mice was recently shown to be linked to the Lpsd phenotype (29) . The importance of LPS in triggering host defense mechanisms in C3H/HeN but not in C3H/HeJ mice was supported by the results of the present study.
The elimination from the kidneys and bladders of bacteria not containing LPS, e.g., Streptococcus agalactiae and Staphylococcus saprophyticus, did not significantly differ between the two mouse strains. In contrast, all E. coli strains, Salmonella typhimurium SR-11, and Salmonella minnesota Re595, regardless of LPS side-chain composition, persisted in higher numbers in the kidneys of C3H/HeJ than in the kidneys of C3H/HeN mice. Variations in the 0 side chain or core structure did not eliminate this difference.
The E. coli strains of this study were selected to differ in two ways: in virulence-associated traits or in LPS composition. The overall virulence of the bacterial strains determined their ranking within each mouse strain but did not affect the relative difference between their levels of virulence for C3H/HeJ and C3H/HeN mice. The pyelonephritis strain E. coli Hu734 persisted ca. 15 to 42 times more than the fecal strain 414 did in both mouse strains. A similar level of difference in recovery of the two E. coli strains was previously noted in CBA mice (5) . This suggests that the virulence factors of Hu734 which were lacking in 414 contributed equally in C3H/HeJ and C3H/HeN mice and that host responses activated by those bacterial properties were similar in the two mouse strains.
The variation in LPS composition may include the 0 side chain, the core, or lipid A. In wild-type isolates, loss of the 0 antigen often coincides with loss of other virulence traits, e.g., adhesion, capsule, resistance to serum killing, etc. (14) . (13, 16, 31) . The removal of the 075 antigen increased the hydrophobicity and susceptibility to serum killing of the 075-mutant. This may facilitate the interaction with phagocytic cells (11) and survival in vivo (22) . The exact mechanisms of clearance related to the 075 antigen still remain undefined. The core mutants R1 through R4 varied both in virulenceassociated traits and LPS composition, compared both to each other and to the isogenic GR12 mutants. The relatively low recovery of the core mutants from both C3H/HeJ and C3H/HeN mice, compared to that from the isogenic GR12 mutants, was consistent with their less virulent phenotypes. Indeed, the E. coli R4 strain, which was recovered in higher numbers than mutants R, through R3, expressed mannosesensitive adhesins, which have been shown to contribute to persistence in the mouse bladder (6) . The lowest recovery was found with Salmonella minnesota Re in both mouse strains. The ratio of recovery of the core mutants from C3H/ HeJ and C3H/HeN was, however, not affected by the core composition and was largely of the same magnitude as in the more virulent strains. Taken together, these data strongly point to lipid A as the determinant of the increased susceptibility of C3H/HeJ mice. Mutants of pyelonephritis strains differing in lipid A but retaining the core and 0 side chain oligosaccharide structures remain to be developed.
C3H/HeJ and C3H/HeN mice have previously been shown to differ in susceptibility to lethal effects of Salmonella typhimurium (18, 20, 33) . In this infection model, E. coli remained localized in the urinary tract for at least 1 month and did not kill the mice or cause detectable disease (L. Hagberg, D. Briles, C. Svanborg Eden, submitted for publication). The role of the Lpsd phenotype for susceptibility to Salmonella typhimurium infection was recently questioned by the results showing equal susceptibility of high-and lowresponder mice (4, 17) . In contrast, thefersistence of E. coli in the kidney correlated with the Lps phenotype in C3H/ HeJ, C3HeB/FeJ, and C3H/HeN mice (Hagberg et al., submitted) .
The high susceptibility of the C3H/HeJ mouse to E. coli infection in the urinary tract makes it a suitable tool for studying the virulence of genetically manipulated bacteria, in particular, E. coli K-12 as a host for recombinant DNA. K-12 derivates are eliminated from the urinary tract in normal mice, including C3H/HeN, but are retained in C3H/HeJ mice (C. Svanborg Eden, unpublished data). Single virulence properties like the presence of adhesins on E. coli have been found to enhance persistence in the mouse urinary tract in studies with chemically induced mutant strains and recombinant DNA transformants differing only in adhesins (6) . The contribution of other factors or virulence determinants, e.g., hemolysin, serum resistance, capsule, or combinations thereof, is presently being analyzed.
